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Abstract 

Spherical  morphology  [Nio.4Coo.2Mn0.4]304  materials  have  been  synthesized  by  ultrasonic  spray  pyrolysis.  The  LitNio.4Coo.2Mno.4lO2  powders 
were  prepared  at  various  pyrolysis  temperatures  between  500  and  900  °C.  The  LitNio.4Coo.2Mno.4lO2  material  prepared  at  a  pyrolysis  temperature 
of  600  °C  samples  are  exhibited  excellent  electrochemical  cycling  performance  and  delivered  the  highest  discharge  capacity  at  over  180  mAh  g-1 
between  2.8  and  4.4  V.  The  structural,  electrochemical,  morphological  property  and  thermal  stability  of  the  powders  were  characterized  by  X-ray 
diffraction  (XRD),  galvanostatic  charge/discharge  testing,  scanning  electron  microscopy  (SEM),  and  differential  scanning  calorimeter  (DSC), 
respectively. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Extensive  research  for  alternatives  to  LiCoC>2  as  the  positive 
material  in  rechargeable  batteries  has  been  conducted  over  the 
past  few  years.  Alternative  cathode  materials  are  being  sought 
because  LiCo02  is  expensive  and  toxic.  The  promising  alterna¬ 
tives  include  hexagonal  a-NaFeC>2  structured-layered  lithium 
transition  metal  oxides  LiMC>2  (M  =  Co,  Ni,  Mn),  particularly 
LiNi02  and  LiMnC>2.  Although  there  has  been  much  progress 
in  optimizing  these  two  materials,  there  are  still  problems  that 
need  to  be  overcome.  For  example,  FiNi02  cannot  be  used  in 
its  current  form  because  stoichiometric  FiNiC>2  is  known  to 
be  difficult  to  synthesize  and  delithiated  FiANi02  decomposes 
exothermally  at  around  200  °C  [1-3].  FiMnC>2,  on  the  other 
hand,  is  thermodynamically  unstable  as  a  layered  structure,  but 
thermodynamically  stable  as  orthorhombic  phase  o-FiMn02  [4]. 
The  Mn3+  (d4)  ions  cause  a  cooperative  distortion  of  the  MnC>6 
octahedral  due  to  Jahn-Teller  stabilization  leading  to  a  mono¬ 
clinic  unit  cell.  When  Fi  is  deintercalated  from  the  FiMnC>2, 
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both  the  m-  and  o-FiMn02  have  been  observed  to  undergo  a 
detrimental  phase  transformation  to  a  spinel-like  phase  through 
minor  atomic  rearrangements  leading  to  eventual  degradation  of 
electrode  performance  [5,6]. 

Several  recent  attempts  have  been  made  to  enhance  the  elec¬ 
trochemical  performance  of  FiNi02-FiCo02-FiMn02  solid 
solution  [7,8].  Among  them,  Fi[Nii/3Coi/3Mni/3]02  has  been 
suggested  as  the  most  promising  alternative  to  FiCo02  since  Ni, 
Co,  and  Mn  can  substitute  each  other  to  form  a  solid  solution  of 
any  percentage  without  disturbing  the  layer  structure.  Recently, 
we  reported  on  the  structural  and  electrochemical  properties  of 
Fi[Nio.5Mno.5]i-xCox02  (x  in  0-0.33)  materials  [9]. 

In  this  study,  we  synthesized  [Nio.4Coo.2Mno.4lOy  precur¬ 
sor  at  various  pyrolysis  temperatures  in  order  to  obtain  opti¬ 
mized  FifNio.4Coo.2Mno.4lO2  cathode  materials.  The  structural 
and  electrochemical  properties  of  these  cathode  materials  were 
investigated  by  X-ray  diffraction  and  electrochemical  measure¬ 
ments. 

2.  Experimental 

FifNio.4Coo.2Mno.4lO2  powder  was  synthesized  by  a  spray 
pyrolysis  method.  At  first,  stoichiometric  amounts  of  nickel 
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nitrate  hexahydrate  (Ni(N03)-6H20,  Aldrich),  cobalt  nitrate 
hexahydrate  (Co(N03)2-6H20,  Aldrich),  and  manganese  nitrate 
tetra  hydrate  (Mn(N03)2*4H20,  Sigma)  salts  were  dissolved 
in  distilled  water,  and  the  total  molar  concentration  of  transi¬ 
tion  metal  solutions  was  fixed  at  1  M.  The  dissolved  solution 
was  added  into  a  continuously  agitated  aqueous  citric  acid  solu¬ 
tion,  with  a  molar  concentration  fixed  at  0.2  M.  The  solution 
pH  was  pH  7,  which  was  adjusted  using  ammonium  hydroxide 
(NH4OH).  The  starting  solution  was  atomized  using  an  ultra¬ 
sonic  nebulizer  with  a  resonant  frequency  of  1.7  MHz.  The 
aerosol  stream  was  introduced  into  a  vertical  quartz  reactor 
heated  at  500  °C  <  T  <  900  °C.  The  inner  diameter  and  length 
of  the  quartz  reactor  were  50  and  1200  mm,  respectively.  The 
flow  rate  of  air  used  as  a  carrier  gas  was  10  L  min-1  and  the 
residence  time  for  the  transition  metal  droplets  was  under  2  s. 
The  prepared  [Nio.4Coo.2Mno.4jOy  powders  were  mixed  with 
an  excess  amount  of  LiOH-^O.  After  the  mixture  was  softly 
ground,  the  mixture  was  heated  to  900  °C  at  a  heating  rate  of 
1  °Cmin-1. 

Thermal  decomposition  behavior  of  the  starting  aqueous 
solution  was  examined  by  thermo  gravimetric  analysis  using 
a  Pyris  6  thermal  analyzer  (TGA,  Perkin-Elmer  Ltd.,  USA). 
The  heating/cooling  rate  was  5  °C  min-1 .  Powder  X-ray  diffrac¬ 
tion  (XRD,  Rint-2000,  Rigaku,  Japan)  measurement  using  Cu 
Ka  radiation  was  employed  to  identify  the  crystalline  phase 
of  the  synthesized  material.  Particle  morphology  of  the  as- 
prepared  and  after  calcined  powders  was  observed  using  a 
scanning  electron  microscope  (SEM,  JSM  6400,  JEOL,  Japan). 
Differential  scanning  calorimetry  experiments  were  conducted 
on  Li[Nio.5Mno.5]i-xCox02  (v  =  0,  0.2)  samples  charged  to 
4.5  V  (versus  metallic  Li).  The  data  were  acquired  using  a 
NETZSCH-TA4  differential  scanning  calorimeter  at  a  scan  rate 
of  2°Cmin_1  in  the  temperature  range  of  RT  to  350  °C.  Gal- 
vanostatic  charge/discharge  cycling  was  performed  in  a  2032- 
type  coin  type  cell  (Hohsen  Co.  Ltd.,  Japan).  The  cell  consisted 
of  a  cathode  and  a  lithium  metal  anode  separated  by  porous 
polypropylene  film.  The  electrode  mixture  contained  of  80% 
(wt.%)  LifNio.4Coo.2Mno.4jO2  powder,  10%  acetylene  black, 
and  10%  PVDL  binder.  The  electrolyte  solution  was  1  M  LiPL^ 
in  a  mixture  of  ethylene  carbonate  (EC)  and  diethyl  carbonate 
(DEC)  in  a  1:1  volume  ratio  (CHEIL  Industries  Inc.,  Korea). 
The  cell  was  assembled  in  an  argon-filled  dry  box  and  tested  at 
room  temperature  (30  °C).  The  cell  was  charged  and  discharged 
at  a  current  density  of  0.2  mA  cm-2  with  cut-off  voltages  of 
2. 8-4.4  V  (versus  Li/Li+). 

3.  Results  and  discussion 

Thermo  gravimetric  analysis  (TGA)  results  for  starting  mate¬ 
rials  were  shown  in  Lig.  1.  All  samples  has  two  different 
weight  loss  regions.  The  first  weight  loss  in  the  temperature 
range  of  below  200  °C,  which  is  due  to  the  removal  water 
from  each  components.  The  second  weight  loss  in  the  temper¬ 
ature  region  of  below  at  400  °C  is  related  to  the  decomposition 
of  nitric  and  chelating  agents.  The  weight  loss  of  the  chelat¬ 
ing  agents,  citric  acids  is  almost  terminated  at  500  °C,  indi¬ 
cating  that  the  organic  compounds  can  removed  completely 


Temperature  /  °C 


Fig.  1.  Thermo  gravimetric  analysis  of  the  starting  materials:  (a)  citric  acid,  (b) 
Mn(N03)2-4FI20,  (c)  Co(N03)2-6H20,  and  (d)  Ni(N03)-6H20.  All  samples 
were  dried  in  a  vacuum  oven  at  25  °C  prior  to  the  thermal  analysis  and  the 
heating  rate  was  5  °C  min~ 1 . 

at  temperatures  lower  than  500  °C.  So,  we  determined  that 
the  powders  of  [Nio.4Coo.2Mno.4jOy  can  be  obtained  from  the 
temperature  at  above  500  °C.  However,  the  weight  loss  of 
Co(N03)2-6H20,  Mn(N03)2*4H20  and  Ni(N03)2-6H20  were 
approximately  72%,  70%,  and  75%,  which  were  might  be  cor¬ 
responded  C03O4,  Mn304,  and  NiO,  respectively.  Moreover, 
shown  in  Lig.  2,  XRD  study  is  good  matched  with  structure  of 
precursors. 

Lig.  2  shows  X-ray  diffraction  (XRD)  patterns  of  the 
[Nio.4Coo.2Mno.4jOy  precursor  prepared  at  various  pyrolysis 
temperatures  between  500  and  900  °C.  Although  the  samples 
prepared  at  lower  pyrolysis  temperature  (500  and  700  °C)  have 
a  very  lower  crystallinity,  all  precursors  were  indexed  a  mixture 
of  NiO  (JCPDS  No.  47-1049),  C03O4  (JCPDS  No.  43-1003), 
and  Mn304  (JCPDS  No.  13-0162).  The  diffraction  peaks  were 
quite  broad  due  to  the  homogeneous  nano- scale  mixed  particles. 
However,  after  firing  over  700  °C,  the  crystallinity  well  pro¬ 
gressed  to  a  cubic  spinel  M3O4  (M  =  Nio.4Coo.2Mno.4)  structure 
as  can  be  seen  from  Pig.  2.  Prom  the  A  AS  analysis,  the  chemical 


Fig.  2.  X-ray  diffraction  patterns  (XRD)  of  [Nio.4Coo.2Mno.4JOy  precursors  pre¬ 
pared  by  various  pyrolysis  temperatures. 
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Table  1 

The  calculated  lattice  constants,  with  various  pyrolysis  temperatures 


Pyrolysis 
temperature  (°C) 

Space  group 

a- Axis  (A) 

Unit  volume  (A3) 

500 

Fd3m 

8.247(9) 

561.09(3) 

600 

Fd3m 

8.256(8) 

562.91(2) 

700 

Fd3m 

8.282(9) 

568.26(5) 

800 

Fd3m 

8.315(2) 

574.94(3) 

900 

Fd3m 

8.327(4) 

577.46(3) 

compositions  of  the  prepared  powders  were  determined  to  be  ini¬ 
tial  compositions.  This  would  be  ascribed  to  the  homogeneous 
precursor,  in  which  cations  such  as  Ni,  Co  and  Mn  are  uniformly 
distributed  at  the  atomic  scale.  Spray  pyrolysis  is  a  useful  method 
for  the  synthesis  of  high-purity  homogenous  spherical  oxide  par¬ 
ticles  having  a  narrow  size  distribution  [10-12].  The  variation  of 
lattice  constants,  a ,  and  unit  cell  volume  of  the  prepared  powder 
depending  on  the  preparing  temperature  are  shown  in  Table  1 . 
The  lattice  constants  were  calculated  by  a  least  square  method 
from  the  XRD  patterns  of  Fig.  2.  The  lattice  constants  obtained 
from  Fd3m  spinel  (M)304  model.  By  increasing  the  pyrolysis 

o 

temperature  the  lattice  constant  a  increased  from  8.247(9)  A  for 
500  °C  to  8.327(4)  A  for  900  °C,  respectively.  The  higher  lattice 
parameter  by  the  higher  temperature  calcinations  may  be  caused 
by  high  crystallinity,  leading  to  crystal  growth. 

Fig.  3  shows  X-ray  diffraction  (XRD)  patterns  of  the  final 
LifNio.4Coo.2Mno.4lO2  powders.  All  samples  could  be  indexed 
based  on  the  hexagonal  a-NaFeC>2  structure  with  a  space  group 
of  R3m  (No.  166).  Accordingly,  the  Li  ion  is  located  at  the  3b  (0, 
0,  1/2)  site,  transition  metals  at  the  3a  (0,  0,  0)  site,  and  oxygen 
is  located  at  the  6c  (0,  0,  1/4)  site,  respectively.  At  all  pyrolysis 
temperatures  a  phase-pure  layered  structure  with  no  impurity 
phase  was  observed.  The  observed  diffraction  lines  show  a  large 
integrated  peak  ratio  (0,  0,  3)  to  (1,  0,  4)  and  a  clear  split  of  the 
(1,  0,  8)  and  (1,  1,  0)  peaks,  which  suggests  a  minimal  disor- 
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der  in  the  host  structure  [3].  The  calculated  lattice  parameters 

o 

of  all  LifNio.4Coo.2Mno.4JO2  materials  were  a  =  2.871(3)  A  and 

o 

c  =  14.260(5)  A.  The  measured  da  ratio  is  greater  than  4.966(5), 
which  indicates  a  well-ordered  layered  structure  over  the  range 
of  pyrolysis  temperatures  used  in  this  study. 

The  scanning  electron  micrographs  (SEM)  for  the 
[Nio.4Coo.2Mno.4JO3;  (T=600°C)  precursor  and  post-calcined 
final  LifNio.4Coo.2Mno.4JO2  powders  (T  =  900  °C)  are  shown  in 
Fig.  4.  Fig.  4(a)  shows  that  the  as-prepared  powder  has  a  spher¬ 
ical  morphology  with  secondary  particle  sizes  of  approximately 
1-3  pm.  Shown  in  the  inset  figure  is  the  bright  field  image  of 
one  particle,  which  consisted  of  nano-scale  primary  particles, 
whose  size  averaged  ~50  nm,  for  which  the  observed  primary 
grain  size  is  close  to  the  broadening  FWHM  of  Fig.  2.  On  the 
other  hand,  post-calcined  [Nio.4Coo.2Mno.4JOy  withLiOFlF^O, 


Fig.  3.  X-ray  diffraction  patterns  of  LifNio.4Coo.2Mno.4lO2  powders  post- 
calcined  at  900  °C  with  different  pyrolysis  temperature  prepared  precursors: 
(a)  500  °C,  (b)  600  °C,  (c)  700  °C,  (d)  800  °C,  and  (e)  900  °C. 


Fig.  4.  Scanning  electron  micrographs  (SEM)  for  (a)  [Nio.4Coo.2Mno.4JO3;  pre¬ 
cursors  prepared  at  600  °C  and  (b)  LifNio.4Coo.2Mno.4JO2  post-calcined  at 
900  °C.  Inset  figures  are  bright  field  images  at  each  one  particles. 
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Fig.  5.  (a)  Charge/discharge  voltage  profiles,  (b)  specific  discharge  capacity  vs.  number  of  cycle,  and  (c)  rate  capability  of  Li/Li[Nio.4Cc>o.2Mno.4]02  cells. 


LifNio.4Coo.2Mno.4JO2  powders  have  a  morphology  of  a  walnut 
shape,  which  was  1-3  pan.  However,  detailed  observation  of  the 
particle  surface  shows  that  LifNio.4Coo.2Mno.4JO2  powders  are 
composed  of  lots  of  sub-micron  primary  particles.  Although,  all 
of  SEM  images  are  not  shown  in  this  paper,  the  morphology  of 
post-calcined  powders  were  unchanged  with  various  pyrolysis 
temperatures. 

Fig.  5(a)  shows  the  first  charge-discharge  voltage  pro¬ 
files  for  the  LiZLifNio.4Coo.2Mno.4JO2  (500°C<r<900°C) 
cells  between  2.8  and  4.4  V  at  a  constant  current  density  of 
0.2  mA  cm-2  (20  mAg-1).  The  charge/discharge  curves  for  all 
cells  were  very  smooth  and  unchanged  voltage  shapes  even 
after  50th  cycling,  which  indicated  that  layered  structure  did  not 
change  during  electrochemical  cycling.  Particularly,  the  sample 
prepared  at  600  °C  had  the  highest  initial  discharge  capacity  and 
capacity  retention.  However,  samples  prepared  at  high  pyroly¬ 
sis  temperatures  (700  °C  <  T<  900  °C)  show  a  slightly  lower 
initial  discharge  capacity,  which  is  attributed  to  the  effect  of 
the  pyrolysis  temperature  on  the  [Nio.4Coo.2Mno.4JOy  precursor. 
The  highly  crystallized  precursor  did  not  allow  easy  diffusion  of 
lithium  in  the  calcination  process.  Moreover,  starting  precursors 
prepared  at  high  temperature  have  distinct  phase  separations 


for  Ni,  Co,  Mn  to  NiO,  C03O4,  Mn304.  Accordingly,  pre¬ 
cursors  prepared  at  high  pyrolysis  temperatures  showed  poor 
electrochemical  properties.  Fig.  5(b)  shows  how  the  discharge 
capacity  varies  with  the  number  of  cycles  measured  at  room 
temperature  in  the  2. 8-4.4  V  range  with  a  constant  current  den¬ 
sity  of  0.2mA  cm-2.  The  discharge  capacity  of  600  °C  pyrol¬ 
ysis  samples  decreases  slowly  during  cycling  and  remained  at 
171  mAhg-1  after  50  cycles,  which  is  95%  of  the  initial  dis¬ 
charge  capacity.  Fig.  5(c)  shows  the  various  current  densities 
for  FiZFifNio.4Coo.2Mno.4JO2  cells  prepared  at  different  pyrol¬ 
ysis  temperatures.  The  cells  were  charged  at  a  constant  current 
density  of  40  mA  g  - 1  (0.25  C  rates)  before  at  each  discharge  test¬ 
ing.  The  discharge  capacity  slowly  decreased  with  increasing 
current  density  and  the  discharge  capacity  at  a  current  den¬ 
sity  of  162  mAg-1  (2C)  reached  up  to  90%  compared  with 
40  mAg-1  (0.25  C).  The  FifNio.4Coo.2Mno.4JO2  (T=600°C) 
electrode  showed  good  rate  capability. 

Fig.  6  compares  the  differential  scanning  calorimetry  pro¬ 
files  ofFiyfNio.4Coo.2Mno.4JO2  and  FiyfNio.5Mno.5JO2  samples 
were  charged  to  4.5  V.  In  the  presence  of  the  FiPF6  EC: DEC 
(1:1,  vZv)  electrolyte,  the  cobalt  free  FifNio.5Mno.5JO2  has  one 
sharp  exothermic  peak  at  280  °C.  The  thermal  decomposition 
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Fig.  6.  Differential  scanning  calorimetry  (DSC)  profiles  of  (a) 
Li-yfNio.5Mno.5JO2  and  (b)  Li-yfNio.4Coo.2Mno.4JO2  samples  charged  at 
4.5  V  vs.  Li  metal. 

properties  are  affected  by  the  preparation  conditions,  synthesis 
method,  particle  size,  distribution,  delithiated  amount  of  Li,  and 
different  electrolytes.  However,  the  cobalt  0.2  mol  substituted 
LifNio.4Coo.2Mno.4lO2  material  underwent  an  exothermic  reac¬ 
tion  with  the  electrolyte  at  a  much  higher  temperature  of  about 
320  °C.  In  spite  of  the  onset  of  an  exothermic  peak,  however,  the 
peak  for  decomposition  is  a  little  sharper  than  for  the  Co-free 
sample.  Thus,  these  results  show  that  the  LifNio.4Coo.2Mno.4lO2 
material  possesses  superior  thermal  stability. 

4.  Conclusion 

Spherical  morphology  mixed  transition  metal  M3O4  cubic 
spinel  (M  =  Nio.4Coo.2Mno.4)  powders  were  synthesized  by  an 
ultrasonic  spray  pyrolysis  method.  All  precursors  were  atomic 
scale  and  so  well  mixed  and  were  indexed  for  NiO  (JCPDS 
No.  47-1049),  C03O4  (JCPDS  No.  43-1003),  and  Mn304 


(JCPDS  No.  13-0162).  However,  post-calcined  powders  with 
lithium  sources  exhibited  a  phase-pure  layered  structure  with 
a  space  group  of  R3m  (No.  166).  The  sample  prepared  at  a 
pyrolysis  temperature  of  600  °C  delivered  the  high  discharge 
capacity  of  over  180mAhg-1  between  2.8  and  4.4  V  with 
a  capacity  retention  rate  of  0.18mAhg_1  per  cycle.  More¬ 
over,  differential  scanning  calorimetry  results  revealed  that  the 
LifNio.4Coo.2Mno.4JO2  electrode  has  a  better  thermal  safety 
characteristic  than  cobalt  free  LifNio.5Mno.5JO2  electrodes. 
Consequently,  LifNio.4Coo.2Mno.4JO2  materials  are  better  can¬ 
didates  for  the  cathode  material  in  rechargeable  lithium-ion 
batteries. 
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